In this work, we have put forth a facile hydrothermal approach to synthesize an array of one-dimensional (1D) Mn-doped Zn 2 SiO 4 nanostructures. Specifically, we have probed and correlated the effects of controllable reaction parameters such as the pH and Mn dopant concentrations with the resulting crystal structures and morphologies of the products obtained. Based upon our results, we find that careful tuning of the pH versus the Mn dopant level gives rise to opposite trends with respect to the overall size of the resulting one-dimensional nanostructures. Significantly, we have highlighted the role of the Mn dopant ion concentration as a potentially generalizable reaction parameter in solution-based synthesis for controlling morphology and hence, the observed optical behavior. Indeed, such a strategy can be potentially generalized to systems such as but not limited to Mn-doped ZnS, CdS, and CdSe quantum dots (QD), which, to the best of our knowledge, denote promising candidates for a variety of optoelectronic applications. Specifically, we have carefully optimized the synthesis conditions in order to generate a series of chemically well-defined Mn-doped Zn 2 SiO 4 not only possessing Mn concentrations ranging from 3% to 8% but also characterized by highly crystalline, monodisperse wire-like motifs measuring ~30 nm in diameter and ~ 700 nm in length. Optically, the photoluminescence signals associated with the 1D series yielded a volcano-shaped relationship between PL intensities and the Mn dopant level. In additional experiments, we have immobilized CdSe quantum dots (QDs) onto the external surfaces of our as-synthesized Mndoped Zn 2 SiO 4 nanowires, in order to form novel composite heterostructures. The optical properties of the CdSe QD -Mn: Zn 2 SiO 4 heterostructures have been subsequently examined. Our results have demonstrated the likely co-existence of both energy transfer and charge transfer phenomena between the two constituent components of our as-prepared composites. Specifically, when both components are photoexcited, both energy transfer and charge transfer were found to plausibly occur, albeit in opposite directions. When the CdSe QDs are excited alone for example, charge transfer probably takes place from the CdSe QDs to the dopant Mn 2+ ions. We believe that our as-processed heterostructures are therefore promising as a tunable light-harvesting motif. Essentially, these materials have broadened the effective light absorption range for optical 'accessibility', not only through their incorporation of dopant-tunable Zn 2 SiO 4 possessing complementary absorption properties to those of the QDs but also through their integration of CdSe QDs with size-tailorable optical behavior.
Introduction
As a viable phosphor, the observed color emission of Zn 2 SiO 4 can be tuned by the nature and amount of dopant integrated into it. Specifically, Mn-doped zinc silicate (Zn 2 SiO 4 : Mn 2+ )
has been incorporated as a key element of fluorescent lamps, neon discharge lamps, oscilloscopes, black-and-white televisions, color televisions, and many other displays and lighting devices, 1 respectively, due to its long lifetime, which is of significant importance in minimizing the degree of flicker within displays. 2 Many reports have investigated the relationship between the quantitative Mn dopant level and the corresponding photoluminescent (PL) signal, with the ideal Mn concentration found to range from 1% to 4% for bulk materials and nanoparticles, depending upon the synthetic approaches used. 3, 4 Nonetheless, we observe that there have been very few studies correlating the preparative synthesis method with the resulting morphology of such nanoscale Zn 2 SiO 4 materials. That is,
there has yet to be a rational mechanistic understanding of how to controllably generate, for instance, (a) one-dimensional (1D) nanowires and nanotubes and/or (b) three-dimensional (3D) motifs, associated with these precise chemical compositions. 5 In the context of optical properties, one-dimensional (1D) structures provide for fewer defects, which minimize trap sites on the surface that are detrimental to excitons, as compared with their 0D (i.e. nanoparticles) counterparts. 6, 7 To date, a number of gas-phase and/or instrumentation-intensive protocols including but not limited to silicon etching, 8 chemical vapor deposition (CVD), 9, 10 vapor-liquidsolid (VLS), 11 and electrospinning 12 have been used to yield either highly-aligned 1D nanowire or 3D nanowire bundle arrays of Zn 2 SiO 4 .
In recent years, many groups have reported upon potentially more straightforward, solution-based (especially hydrothermal-inspired) synthetic approaches to generate either micron-sized wires, 13 nanorods, 14, 15 or 3D spindle-like 16 structures. However, the size distributions of most of these materials tend to be generally rather large and polydisperse. In addition, only very few of these procedures have demonstrated a capability for producing Mndoped Zn 2 SiO 4 without loss of control over the resulting 1D morphology. 15, 17 In order to address this problem of ensuring reasonable chemical, size, and morphological uniformity, we have experimentally determined herein that varying the dopant level itself as an independent and tailorable synthetic parameter can substantively affect the resulting detected morphology, i.e.
size and shape, and hence, the corresponding optical properties observed. That is, we are among the first to have demonstrated the viability of rationally altering dopant ion concentration as a deliberate means of controlling nanoscale morphology, especially in the context of onedimensional materials. We note that this is a fundamentally generalizable solution-based strategy, that can be applied to the synthesis of all types of nanomaterials. onto and emanating from a Si substrate. 18 Overall, these heterostructures exhibited dichromatic emission with peaks located at both 404 nm and 521 nm, which could be attributed to SiO 2 and Zn 2 SiO 4 , respectively. In addition, Zhou et al. fabricated Zn 2 SiO 4 nanotube / ZnO nanowire heterojunction arrays by using ZnO nanowire arrays as the template; these unique structures gave rise to an additional emission band centered at ~523 nm, associated with Zn 2 SiO 4 , in addition to the expected contribution from pure ZnO. 19 Nevertheless, in these prior reports, the observed emission of these heterostructures was attributed primarily to a linear superposition and combination of the optical signals, associated with the individual component subunits. Because these studies were mainly phenomenological in nature, no evidence was provided to either prove or disprove any plausible optoelectronic effects, such as but not limited to Förster resonance energy transfer (FRET) and / or other types of nonradiative optical transitions and recombination processes that might have been occurring between the adjacent, constituent components within the heterojunctions themselves.
As a matter of principle, our group has subscribed to the idea that the whole is often greater than the sum of the individual constituent parts and that favorable, synergistic interactions between the different elements within these heterostructures can give rise to overall more desirable and appealing properties as compared with those associated with their separate and discrete components. As such, throughout the years, we have been aiming to probe and understand the inherent nature of nanoscale heterostructures, namely the interfaces between 0D quantum dots and 1D phosphors. Specifically, we have done so by coupling quantum dots with a variety of different and distinctive 1D systems, including carbon nanotubes and metal oxides. 21 For example, our recent body of work on CdSe QD-CNT heterostructures combined NEXAFS, Raman, and electron transport studies with theory in order to shed light on the electron dynamics within this hierarchical architecture, i.e. QDs immobilized onto a 1D motif.
Our efforts sought to analyze and understand charge and energy transfer processes as a specific Page 4 of 47 Physical Chemistry Chemical Physics function of (a) the QD size, (b) the chemical identity connecting the QD with the carbon nanotube, as well as (c) the QD coverage density onto the underlying carbon nanotube itself. 22, 23 Additionally, our work on cerium phosphate (CePO 4 )-based QD heterostructures highlighted that the optical properties of such systems can be tailored by engineering the band gaps and relative band gap alignments of the constituent components so as to favor charge separation. 24 The study of lanthanum phosphate (LaPO 4 )-based QD heterostructures was motivated by a desire to understand the role of the metal oxide substrate morphology, specifically comparing and contrasting the use of a 1D versus a 3D structure. Indeed, the choice of morphology could actually favor the predominance of energy versus charge transfer processes or vice versa. 25 Furthermore, we observed composition-modulated luminescence in our -CdSe QD composite systems to the extent that this knowledge becomes useful for the possible incorporation of these heterostructures within higher-performing solar cell configurations.
In this study therefore, we have sought to achieve two separate but equally important objectives. First, we aim to synthesize homogeneous, relatively monodisperse one-dimensional heterostructures have suggested the possible co-existence and tunability of both energy transfer and charge transfer behavior occurring between the two nanoscale constituent components. We believe that our observations strongly imply that our as-processed composite structures can be viably considered as potentially promising light-harvesting motifs.
Experimental

Materials and Reagents.
We utilized zinc nitrate (99.0%, Baker & Adamson), manganese (II) nitrate tetrahydrate (98.0%, Alfa Aesar), fumed silica (average particle size of ~7 nm, Aldrich), sodium hydroxide (99%, EMD Industries), cadmium oxide (99%, Acros Organics), stearic acid (97%, Acros Organics), selenium (99.5+%, Aldrich), trioctylphosphine oxide (99%, Acros Organics), tributylphosphine (95%, Alfa Aesar), hexadecylamine (90%, Acros Organics), dioctylamine (97%, Acros Organics), and 3-mercaptopropionoic acid (99+%, Acros Organics) as reagents without additional purification.
Preparation of Mn-doped Zn 2 SiO 4 nanowires
We have adopted but modified a hydrothermal method from a previous report in order to generate monodisperse Mn-doped Zn 2 SiO 4 . 13 In so doing, for the first time, we have highlighted and targeted the specific roles of pH and Mn dopant concentration in controlling the growth of uniform and homogeneous wires of this particular material. Specifically, for the synthesis of pure For example, in a typical experiment, 2.3 mg (10.4 µmol) of Mn: Zn 2 SiO 4 nanowires in 2 ml MeOH was added to 2 mg (10.4 µmol) of MPA-capped CdSe QDs in 2 mL of MeOH. The resulting solution was subsequently sonicated and stirred in the dark for 30 min, so as to preserve optical integrity. These as-prepared heterostructures, which had been dispersed in MeOH, were then used for further characterization and analysis.
Structural and Optical Characterization (XRD, TEM (EDAX), XPS, PL (Lifetime))
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X-ray Diffraction (XRD)
The crystallographic purity of (i) as-prepared pure as well as of (ii) Mn-doped Zn 2 SiO 4 was confirmed using powder XRD. Diffraction patterns were obtained using the Rigaku Miniflex diffractometer. This instrument was operated in the Bragg configuration using Cu Kα radiation (1.54 Å), and data were collected as a function of varying 2θ lattice parameters, ranging from 10 to 80°, obtained at a scanning rate of 1.0°/min for all of the samples, synthesized herein.
Electron Microscopy
Transmission electron microscopy (TEM) was employed. Specifically, we collected samples at an accelerating voltage of 120 kV with the JEOL JEM-1400 instrument, equipped not only with a 2048 x 2048 Gatan CCD digital camera but also with energy dispersive spectroscopy (EDS) mapping capabilities. High-resolution (HRTEM) images along with selected area electron diffraction (SAED) patterns were obtained using the JEOL 2100 microscope, which had been set at an accelerating voltage of 200 kV. Sample preparation protocols for microscopy analysis involved the use of an ethanolic dispersion followed by sonication. Subsequently, the solution was deposited dropwise onto a lacey carbon film-coated 300 mesh Cu grid. When measuring the lengths and diameters of each of our nanoscale samples analyzed, at least 50 different measurements on expected, targeted features (whether they be quantum dots, nanowires, or heterostructures) were obtained over a minimum of at least 10 different TEM images of the same sample. Hence, the values reported in the Results and Discussion section denote a representative average of the corresponding data points collected.
X-ray photoelectron spectroscopy measurements
As-prepared Mn doped Zn 2 SiO 4 nanorods were initially dispersed in ethanol and small aliquots of that solution were spread, i.e. drip cast, onto a Si wafer (measuring 1 cm × 1 cm), Page 10 of 47 Physical Chemistry Chemical Physics followed by evaporative drying in air. XPS spectra were collected by irradiating with a Mg Kα X-ray source (hυ = 1253.6 eV) (model XR 50) operating under current-voltage conditions of 30 mA and 13 kV. The angle between the analyzer and the X-ray source was set at 45°.
Photoelectrons were captured along the sample's surface normal vector. The curve fitting algorithm was performed using commercial Casaxps software, and the final processed data were plotted using the corresponding Origin software.
UV-visible and fluorescence spectroscopy.
In both the UV-visible and fluorescence experiments we performed, all sample solutions were processed and measured with a concentration of 5 µmol/mL in order to ensure adequacy of data comparison. All of the UV-visible spectra, including that collected on both bare and MPA The fact that such an impurity was found to exist only in the high-Mn concentration sample is not surprising. As a matter of fact, similar observations have been made previously with respect to analogous sol-gel synthesis-based Zn 2 SiO 4 nanoparticles. 32 In particular, a The TEM images of an as-prepared series of Zn 2 SiO 4 nanowires incorporating Mn dopant levels ranging from 0% to 10% are shown in Figure 2 . The corresponding morphologies as well as the measured dimensions of these samples are summarized in Table 1 . Interestingly, we have observed a linear correlation between the overall dimensions of these nanowires and their corresponding Mn dopant percentages. Indeed, as the Mn concentration increases, the observed diameters and lengths of the nanowires both decreased drastically. Specifically, whereas the 2% Mn-doped Zn 2 SiO 4 nanowires maintained diameters of 343 ± 91 nm and lengths of 7.3 ± 1.7 µm, the 4% Mn-doped sample yielded diameters of 29 ± 5 nm and lengths of 627 ± 82 nm.
Furthermore, the 6%, 8%, and 10% Mn-doped samples have all exhibited similar anisotropic and unique nanopillar-shaped morphologies, characterized by smaller aspect ratios, in particular with diameters of ~30-40 nm and lengths of ~50-100 nm.
Such a transition to smaller sizes is believed to originate from the incorporation of Mn cations within the Zn 2 SiO 4 lattice, since corresponding tensile strains would expect to be noted upon dopant introduction. We should note that very few reports have observed the key role of dopant in determining and dictating morphology. Indeed, a 'dopant-level dependent' morphology has rarely been observed in the literature, especially with respect to solution-based methods.
Therefore, we are not certain as to how 'sensitive' the crystal structure actually is towards this sort of imposed strain within the underlying lattice. For instance, it is entirely possible that within the 4-10% doping range, the strain is below a threshold level such that the overall morphology remains relatively the same. Moreover, it is also possible that the c-axis is more sensitive to the dopant-induced strain than either the a or the b axis, due to the presence of anisotropy within the underlying hexagonal crystal structure.
The influence of the dopant size upon the resulting host size has been previously reported in analogous systems, such as Mn-doped CdMoO 4 nanoparticles 34 and Gd-doped NaYF 4 nanorods. 35 Specifically, the structural strain caused by the presence of relatively larger dopant ions is expected to give rise to a reduction in either crystallite domain sizes within thin films or in the overall dimensions, i.e. diameters and lengths, of the host nanomaterials; smaller dopant ions by contrast would lead to increases in the relevant dimensions. 34, 36, 37 In addition, an elevated amount of dopant will strengthen and accentuate the magnitude of this phenomenon. 36 Herein, in this system, the ionic radius of Mn 2+ is 0.83 Å, whereas that of Zn 2+ is 0.74 Å, thereby explaining the reduction in size upon doping with greater quantities of Mn cations. 38 The EDS elemental mapping images are presented in Figure S1 , Indeed, the dopant levels for the 2%, 4%, 6%, and 8% Mn-doped samples are 1.3% ± 0.7, 3.3% ± 0.9, 5.3% ± 0.9, and 7.2% ± 1.1, respectively. These values are not necessarily 'absolute'
quantities, but do nonetheless provide for a very good approximation of the relative amounts of 
pH dependence on formation and growth of Mn-doped Zn 2 SiO 4 nanowires
We have also investigated the role of pH. Specifically, we varied the NaOH concentration, whilst maintaining the rest of experimental parameters as identical. We probed On the other hand, the pH values have dramatically affected the observed morphology, as revealed in Figure 4 . Specifically, as the pH was increased from 10 to 13, the shapes of the resulting materials altered from micron-sized wires ( Figure 4A and 4B) to nanoscale wires ( Figure 4C ) and finally into nanoscale pillars ( Figure 4D) . A detailed summary of their respective sizes is presented in Table 2 . Based upon our observations, smaller structures (i.e.
'novel' nanopillars with diameters of ~ 30 nm and lengths of ~ 100 nm) were preferably produced at higher pH values, whereas larger motifs (i.e. nanowires with diameters of ~ 400 nm and lengths of ~ 8 µm) predominated at relatively lower pH values. We have therefore hypothesized that the reaction mechanism is dependent upon the concentration of NaOH. In effect, it has been shown that the growth rate of ZnO nanostructures depends upon the concentration of the base in solution. 42, 43 Specifically, at high NaOH concentrations, the growth of ZnO nanostructures can be hindered not only by (1) the incidence of negatively charged species 44 such as Zn(OH) 3 -or Zn(OH) 4 2-present in the reaction mixture but also by (2) the presence of an effective passivating layer of cations 43 (e.g., Na + or K + ) on the external surfaces of the ZnO nanocrystals. Thus, we believe that in our system, the size of the ZnO intermediary species serves as a structural "template" for the additional formation of Zn 2 SiO 4 and that the observed dimensions of the silicate product directly depend upon the corresponding amount of NaOH present, accounting for the size limitations and variations observed.
Optimization of synthetic conditions and reaction mechanism
Our proposed reaction mechanism is shown in Figure 5 . Indeed, as a collective summary of the two previous sets of experiments, we have been able to demonstrate that the synthesis process is sensitive to both the pH value as well as to the Mn dopant concentration. In terms of As suggested earlier, we hypothesize that the creation of our Zn 2 Therefore, in order to verify that our system followed a similar reaction mechanism, we have probed not only the crystal structure but also the morphology of the product at a reasonably early time point associated with the hydrothermal reaction. Indeed, as indicated from both the XRD data and TEM images in Figure S2 and S3, respectively, we have been able to isolate Specifically, the optimized pH values for these four chemical compositions are 12, 12, 11, and 10, respectively. The XRD patterns and TEM images are correspondingly shown in Figure 6 and 7, and are indicative of highly crystalline and monodisperse Zn 2 SiO 4 nanowire structures. In addition, larger-scale SEM images of all four Mn-doped Zn 2 SiO 4 samples are provided in Figure   S4 , further corroborating the inherent structural uniformity and homogeneity of these nanowire morphologies. A summary of detailed morphological data has been provided in Table 3 , and these results imply that all of these motifs possessed comparable diameters as well as lengths.
In addition, we have collected high-resolution TEM (HRTEM) images as well as corresponding SAED patterns ( Figure S5 ). As highlighted in Figures S5A through S5D , the crystalline planes within the nanowires are perfectly aligned, an observation which is consistent with the single-crystalline nature of as-prepared Zn 2 SiO 4 nanowires. Moreover, as for SAED Figure S5E through S5H, we have observed a number of bright, scattered dots, a finding plausibly indicative of a superimposition of multiple individual single-crystalline structures. 45, 46 We should note that due to (i) the relatively small dimensions of our samples from a SAED perspective (i.e., nanomaterials measuring ~700 nm in length and ~30 nm diameter)
as well as (ii) the aggregated and somewhat clustered nature of our as-prepared wires, it was extremely difficult to obtain a definitive SAED pattern of discrete, individual wires. As such, all of the SAED patterns were acquired from regions that were composed of ~30 to 50 intertwined nanowires, organized like a network. Nevertheless, we believe that these data ruled out the possibilities of our samples being either polycrystalline or amorphous, which would have typically resulted in the formation of diffuse "ring patterns". 46 In summary, the presence of system analyzed in parallel as a control sample. Within all of this data analysis, as-collected spectra were calibrated by the C 1s signal at the 284.6 eV peak position. 11 A wide ranging survey spectrum ( Figure S6 ) was recorded, which confirmed that no extraneous elements were present.
Upon comparing the sample incorporating a 4% Mn dopant with that of the undoped sample, a tiny Mn 2p peak was detected, associated with a binding energy of around 640 eV. The Mn 2p 3/2 spectra, as highlighted in Figure S7 , reveals that the position of the Mn 2p 3/2 peak is located at 641.5 eV and can be ascribed to a Mn 2+ species. 47, 48 We also further explored the relative positions and amounts of both Zn and Mn. Figure   S8 illustrates the relevant spectra, associated with the 49 Hence, the distinctive energy signature of the doped silicates is consistent with the idea of Mn ions partially replacing the corresponding Zn within the lattice.
In our subsequent optical studies of CdSe QD -Zn 2 SiO 4 heterostructures, we have focused on thin nanowires due to their better size monodispersity as compared with their nanowire counterparts. Furthermore, the aspect ratio of these nanowires is sufficiently high enough (at least 20: 1) to take advantage of the favorable attributes of one-dimensional motifs.
Specifically, anisotropic materials tend to possess extended facets, a lower amount of surface defect sites, as well as a continuous and direct pathway for photo-generated electrons and holes to travel, as previously discussed.
Optical Properties of as-prepared Mn-doped Zn 2 SiO 4 nanowires.
The photoluminescent properties of our series of Zn 2 SiO 4 nanocrystals have been studied, as shown in Figure 8 . Essentially, most of the samples exhibit luminescence at a peak wavelength of 523 nm upon a UV excitation of 265 nm. Our results correlate perfectly well with most of the relevant literature, that have suggested the presence of a 'green' emission band at around 525 nm under similar excitation conditions. 5, 50, 51 As we have determined the oxidation state of Mn within our samples to be +2 through XPS analysis, this emission behavior can likely As an important note, we have observed that most of our nanowire samples have yielded measured peak intensities of approximately 10 6 photon counts. In the recent literature, it has been relatively rare for groups to report on absolute PL intensities. In fact, much of the work in the past few decades has focused on exploring parameters which affect the relative PL output of their samples, and as such, these studies tend to provide PL data in terms of arbitrary units (a.u.).
Notwithstanding this tendency, we were indeed able to find PL intensity data reported on several Figure 9A and 9B, respectively.
It is apparent that the CdSe QDs experienced a certain level of aggregation and agglomeration, similar to observations we have made with our previous analogous QD-based heterostructured systems. 21, 26, 31 Nonetheless, the spatial distribution of the quantum dots is still relatively homogeneous with respect to the Zn 2 SiO 4 nanowires beneath. In addition, the corresponding EDS elemental mapping spectra, shown in Figure S9 The optical properties of these as-prepared heterostructures including control samples have also been examined. First, optical characterization data for as-prepared CdSe QDs are included in Figure S10 . These results suggest that the QDs possess a narrow and monodisperse size distribution, centered at 4.8 nm.
In terms of the corresponding heterostructures, the PL spectra of MPA-capped CdSe QDs, analogous CdSe QD -LaPO 4 : RE heterostructures, previously studied. 25 Alternatively, this observation could also originate from a re-absorption of radiation emitted by Mn 2+ dopant ions by the adjoining CdSe QDs. This is a common scenario for heterogeneous systems incorporating light sensitizers such as quantum dots. 62 Typically, energy transfer relies on a degree of coupling between the donor and the acceptor wherein the strength of coupling decreases with increasing donor-acceptor distance. 63, 64 A study conducted by Federspiel et al. has shown that the energy transfer rate is largely reduced when this distance exceeds 10 nm. 65 In our specific case, CdSe QDs were immobilized onto the external surfaces of nanowires. Thus, it would be reasonable to expect that Mn 2+ dopant ions localized near the surface would have an opportunity to interact the most with adjacent CdSe QDs. However, farther away from the surface, any such interactions between these two species will be likely diminished due to the aforementioned distancedependence and electrostatic screening induced by the presence of the underlying inorganic oxide matrix. Hence, a combination of energy transfer and re-absorption can potentially explain the observed enhancement of the CdSe QD signal, whereas energy transfer is likely to be solely responsible for the diminution of the Mn 2+ band intensity.
Nonetheless, we should note that the enhancement of the CdSe QD signal within the heterostructure obtained at an excitation of 265 nm is rather small in terms of magnitude. At the same time, we have also observed a nearly complete quenching of the Mn emission signal. Based upon our own experience in analogous systems as well as upon observations made in the prior literature, we find that energy transfer usually results in a relatively small net degree of total energy loss. 25, 66 In other words, the amount of enhancement associated with the plausible energy transfer from the band emission of CdSe QDs should essentially be the same magnitude as and ought to balance out the quantity of energy decrease associated with the 4 T 1 to 6 A 1 transition of Mn within Mn-doped Zn 2 SiO 4 .
This hypothesis does not necessarily explain our observations herein as what we have
found is evidently different. Therefore, it is reasonable to conclude that our heterostructures may have experienced an overall and dramatic loss in terms of the observed photoluminescent signal profile. We attribute this observation to a plausible charge transfer occurring from the CdSe QDs to the Mn dopant, a phenomenon which has been previously reported in similar types of systems. 67, 68 This process will be explained in more detail in the following section. Nevertheless, we should note that the plausible existence of both energy transfer and charge transfer within a single discrete system, when excited using a monochromatic beam, has rarely been reported, and therefore, this observation represents one of the major and unexpected findings within this work.
We have prepared an energy diagram based upon literature values 53, 69 of the positions of the conduction band (CB) and the valence band (VB) of Zn 2 SiO 4 , as well as of the HOMO and LUMO positions associated with CdSe, the Mn dopant, and the MPA ligand, as shown in Figure   11 . Specifically, the LUMO of CdSe is located at a higher potential than that of the 4 T 1 state of Mn 2+ within the Zn 2 SiO 4 lattice, denoting a favorable scenario for electron transfer. Similarly, the HOMO of the MPA ligand is located at a higher potential than that of CdSe, thereby promoting a compensatory hole transfer from CdSe to MPA. That is, the preferred 'migratory' routes of both electrons and holes are in opposite directions to each other. However, the HOMO of CdSe is located at a higher potential than that of the 6 A 1 state of Mn 2+ , which hinders possible hole transfer from CdSe to Mn 2+ . As a result, the PL signal of the CdSe QDs will decrease dramatically because of the existence of charge transfer occurring to the metal dopant, thereby plausibly leading to a PL quenching effect. Nevertheless, the PL signal of CdSe QDs exhibited a small net increase, likely owing to competing energy transfer and charge transfer processes.
On the other hand, upon excitation at 388 nm, the CdSe QDs exhibited a significant PL quenching effect within the CdSe QD -4% Mn: Zn 2 SiO 4 heterostructures as compared with the MPA-capped CdSe QDs by themselves. Indeed, as shown in the energy diagram in Figure 11 , the excitation energy (i.e. equivalent to a photon energy of 3.2 eV) is insufficient to excite the Mn 2+ dopant species within our doped Zn 2 SiO 4 samples. Therefore, only the CdSe QDs are photoexcited and give rise to a band emission at 614 nm. Moreover, by analogy with circumstances discussed previously, the as-generated photo-electrons will preferably transfer towards Mn 2+ , whereas the analogous photo-generated holes will likely transfer towards the MPA ligands. This effective and plausible charge transfer process likely accounts for the corresponding quenching effects observed within the overall PL spectra of the CdSe QD -Mn:
Zn 2 SiO 4 heterostructures in particular.
Nevertheless, we recognize that the degree of QD aggregation might also have possibly accounted for the observed quenching in the PL spectra. To address this point, we have added in TEM images ( Figure S11 ) of MPA-capped CdSe QDs, both before and after attachment to Mn: Furthermore, the lifetimes of CdSe QDs incorporated within these heterostructures were acquired and compared with respect to that of their free and bare analogues (i.e., CdSe QDs alone) at different excitation wavelengths. These data are summarized in Tables S1 . We find that, upon formation of the heterostructures, the lifetimes of CdSe QD species have perceptibly diminished. These observations can be reasonably attributed to the reduction in the PL output of the immobilized CdSe QDs when excited at 388 nm, thereby further confirming and verifying that energy transfer and charge transfer both likely occur and are significant within these composite hierarchical systems.
Collectively, the series of spectra acquired at excitation wavelengths of both 265 nm and In a separate experiment, we have also collected the UV-visible spectra of our as- 
Conclusions
In 
Acknowledgements
We acknowledge and thank Daniel Davies, a SULI (Summer Undergraduate Laboratory 
